Roux-en-Y gastric bypass surgery (RYGB) remains to be the most effective long-term treatment for obesity and its associated comorbidities, but the specific mechanisms involved remain elusive. Because RYGB patients appear to no longer be preoccupied with thoughts about food and are satisfied with much smaller meals and calorically dilute foods, brain reward mechanisms could be involved. Just as obesity can produce maladaptive alterations in reward functions, reversal of obesity by RYGB could normalize these changes or even further reset the food reward system through changes in gut hormone secretion, aversive conditioning and/or secondary effects of weight loss. Future studies with longitudinal assessments of reward behaviors and their underlying neural circuits before and after surgery will be necessary to uncover the specific mechanisms involved. Such new insights could be the base for future 'knifeless' pharmacological and behavioral approaches to obesity.
Introduction
Factors important for the control energy balance can be divided into those that are compensated and those that are not compensated. Among the compensated ones are internal signals of energy repletion and depletion such as metabolic substrates, hormones and neural signals that function in a negative-feedback manner to achieve energy homeostasis. Among the non-compensated ones are mainly external factors such as availability, cost/benefit ratio, conditioned cues, palatability and social constraints. Using this general intake model, it has been shown by mathematical modeling that body weight/adiposity settles at a higher level when exposed to such uncompensated factors. 1 This outcome is well known from the animal literature, showing diet-induced obesity, and in humans, exposed to the modern food environment of plenty. Importantly, the new level of body weight appears to be defended by engaging the same strong homeostatic mechanisms preventing weight loss at normal levels of body weight. Therefore, for most overweight and obese subjects, dieting has not been successful as a weight-reducing strategy. All the weight lost is typically regained sooner or later, and the cycle of loss and regain is often repeated many times. Clearly, the correct treatment of this type of obesity would be to remove the uncompensated factor; however, in the face of the enormous corporate, political and social pressures, it is unrealistic to expect that this will be achieved in the near future. In the meantime, we will have to rely to a large degree on development of drugs and other symptomatic treatments of obesity. Bariatric surgery is one of these treatments that has recently gained strong momentum, not only judging by the number of surgeries performed but also by its promise to reveal potential secrets of the still incompletely understood physiological mechanisms contributing to the controls of body weight/adiposity. Uncovering these secrets might lead to 'knifeless' obesity surgery in the future.
Remarkably and in stark contrast to weight loss induced by restrained eating, weight loss induced by bariatric surgeries, particularly Roux-en-Y gastric bypass (RYGB), is sustained for up to 15 years or longer, suggesting that the strong biological mechanisms defending weight loss are either neutralized or overshadowed by the surgical intervention. Ideally, gastric bypass surgery would somehow reset the level of defended body weight, so that the patient, happy with the reduced amount of food, is not 'eternally' hungry.
Preliminary data and anecdotal reports suggest that bariatric surgery patients 'lose the desire' to eat and are no longer preoccupied with thoughts about food and eating. They seem satisfied with much smaller meals and calorically dilute foods. [2] [3] [4] [5] It is thus possible that RYGB leads to changes in the way the palatability of foods is perceived and how the brain computes food reward. Limited investigations in obese subjects show that obesity is associated with alterations in neural and behavioral mechanisms of food reward, 6, 7 and parallels have been drawn between drug and food addiction. [8] [9] [10] [11] Thus, bariatric surgery might be successful because it reverses, or at least neutralizes, obesity-induced changes in reward functions. The aim of this article is, therefore, to review the existing literature on obesity-associated reward dysfunctions and bariatric surgery-induced changes in taste and reward functions, including our own recent observations in a rat model of RYGB, and to explore potential mechanisms involved in these changes (Figure 1 ).
Altered reward mechanisms in obesity
Do genetic and other preexisting differences in reward functions cause obesity? Although environmental pressure undoubtedly pushes the general population to higher food intake and body weight, this simple explanation does not account for the fact that not all subjects exposed to the same environment gain weight. This suggests that preexisting differences make some individuals more vulnerable to the increased availability of palatable food and food cues. Preexisting differences could be determined by genetic and epigenetic alterations, and by early life experience through developmental programming. Among the 20 or so major genes (clear evidence from at least two independent studies) linked to the development of obesity, 12 none are directly implicated in known mechanisms of reward functions. However, because the combined effect of these genes only accounts for less than about 5% of human obesity, it is very likely that many important genes have not yet been discovered, some of which could operate within the reward system. A comparison of lean and obese subjects carrying different alleles of either the dopamine D2-receptor or mu-opioid receptor genes reveals differences in behavioral and neural responses to palatable food. [13] [14] [15] [16] In selectively bred lines of obesity-prone and obesity-resistant rats, several differences in mesolimbic dopamine signaling have been reported. 17 Mesolimbic dopamine signaling is also severely suppressed in leptin-deficient ob/ob mice and rescued by systemic leptin replacement. 18 However, in genetically leptin-deficient humans, viewing pictures of palatable foods elicited exaggerated neural activity in the absence of leptin that was abolished after leptin administration. 19 Furthermore, positron emission tomography neuroimaging showed reduced dopamine D2 receptor availability, mostly in the dorsal and lateral, but not in ventral, striatum. 10 On the basis of this last observation, the reward-deficiency hypothesis was coined, suggesting that increased food intake is an attempt to generate more reward in compensation for reduced mesolimbic dopamine signaling. 10, 20 Our own studies in rats indicate that obesity changes foodreward behaviors in a nutrient-concentration-specific manner, with reduced 'liking' of dilute sucrose and corn oil, but increased 'liking' of the highest concentrations. In addition, diet-induced obese rats compared with chow-fed, lean outbred Sprague-Dawley rats, as well as young, preobese genetically select lines of obesity-prone compared with obesity-resistant rats, exhibit reduced 'wanting' as measured by slower completion speed in the incentive runway and lower break points in the progressive ratio lever-press paradigm.
In summary, differences in mesolimbic dopamine signaling are most strongly implicated in altered food anticipatory and consummatory behaviors and obesity. However, it is still not clear to what extent preexisting differences and/or secondary effects determine these behavioral alterations and cause obesity. Only longitudinal studies in genetically defined populations will provide more conclusive answers.
Is the obese state secondarily changing reward mechanisms and accelerating the process? Obesity is associated with dysregulated signaling systems, such as leptin and insulin resistance, as well as increased signaling through proinflammatory cytokines and pathways activated by oxidative and endoplasmic reticulum stress. 21 Clearly, the obesity-induced toxic internal environment does not spare the brain. [22] [23] [24] [25] [26] [27] Obesity-induced brain insulin resistance is believed to have a direct effect on development of Alzheimer's disease, now also called Type 3 diabetes, 28 as well as other neurodegenerative diseases.
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A number of recent studies directed attention to the hypothalamus, where high-fat diets disturb the delicate relationship between glial cells and neurons through increased endoplasmatic reticulum and oxidative stress, leading to stress-response pathways with generally cytotoxic effects. 25 The end effects of these changes are central insulin and leptin resistance and impaired hypothalamic regulation of energy balance, further favoring the development of Obesity surgery and food reward AC Shin and H-R Berthoud obesity and, in turn, neurodegeneration. However, these toxic effects do not stop at the level of the hypothalamus, but can also affect brain areas involved in reward processing. The obese, leptin-deficient mouse is much more sensitive to chemically induced neurodegeneration such as metamphetamine-induced dopamine nerve terminal degeneration as indicated by reduced striatal dopamine levels. 30 Obesity and hypertriglyceridemia produce cognitive impairment in mice, including reduced lever pressing for food reward, 23 and epidemiological studies show an association of body mass index and risk of Parkinson's disease and cognitive decline. 31 Obesity-prone rats allowed to become obese on regular chow, or fed amounts of high-fat diet so as not to gain extra body weight, exhibited significantly reduced operant responding (progressive ratio break point) for sucrose, amphetamineinduced-conditioned place preference and dopamine turnover in the nucleus accumbens. 17 These results suggest that both obesity per se and high-fat diet can cause alterations in mesolimbic dopamine signaling and reward behaviors. In summary, it seems clear that the obesity-induced internal 'toxic' environment does not stop at the level of the brain, and within the brain does not stop at the reward circuitry. Similar to brain areas involved in homeostatic energy balance regulation, such as the hypothalamus, and in cognitive control, such as the hippocampus and neocortex, reward circuitry in corticolimbic and other areas is likely to be affected by obesity-induced changes in peripheral signals to the brain and local brain signaling through inflammatory, oxidative and mitochondrial stress pathways.
Altered reward mechanisms after bariatric surgeries
Few studies have addressed this question, but there is a sense of rapidly increasing interest in the field. In one study, RYGB patients showed heightened acuity for sweet taste, with some patients complaining that the food was too sweet, 32 but in another study there was increased acuity for bitter and sour tastes and a trend toward reduction in salt and sweet detection. 33 In other human studies, preference for highcarbohydrate foods 34 and high-fat foods 3,34 was decreased after RYGB. In addition, RYGB patients were reported to lose the desire or motivation to eat. 34 In an attempt to further investigate the underlying behavioral and neural processes responsible for such changes, we have used a rat model of RYGB. 35, 36 The model closely replicates the major effects of RYGB seen in obese human patients on food intake, body weight loss and secretion of gut hormones. We find a shift from high to low concentrations of sweet and oily food stimuli in their capacity to generate pleasure and stimulate intake, compared with sham-operated obese animals. 36 Under non-fooddeprived conditions, diet-induced obese rats largely ignore low concentrations of sweet and oily stimuli and are less motivated to work for a food reward compared with chow-fed lean rats. Rather, obese rats seem to respond only to easily accessible very sweet and oily stimuli. All obesityinduced changes were completely reversed after RYGB. 36 In addition, preference for high-fat diet steadily decreased over a 5-month postsurgical period, and preference for normal (low-fat) chow increased. 35 Very similar findings regarding sucrose sensitivity and preference were reported in a simultaneously published paper by Hajnal et al. 37 after RYGB in Otsuka Long Evans Tokushima Fatty (OLETF) rats lacking cholecystokinin-1 receptors. Together, these observations strongly suggest that at least one mechanism by which RYGB surgery reduces total energy intake and body weight is by changing taste perception and hedonic neural processing; however, the specific mechanisms involved are not known at this point.
Potential mechanisms for RYGB-induced changes in taste sensitivity and food hedonics
Some changes in reward functions secondary to the obese state may have their origin in altered hormone levels and sensitivities such as leptin and insulin. In the obese state, circulating levels of leptin and insulin are high, together with resistance to receptor-mediated signaling capacity. Sensitivity of both systems is reestablished after weight loss induced by RYGB and other interventions. As leptin signaling does not appear to be necessary for at least the initial RYGB-induced weight loss as demonstrated in fatty Zucker rats, 38 it is unlikely to have a major role in changes of reward functions during the initial weight loss period after RYGB. However, given the recent evidence for direct leptin actions on reward processing areas of the brain, 18, 19, 39, 40 its involvement during later stages of reduced weight maintenance cannot be ruled out, and effects of obesityassociated changes in insulin sensitivity on reward processing 41 have not been investigated. Furthermore, besides leptin, adipose tissue secretes a number of other hormones and cytokines that change with obesity status and could thus potentially mediate effects of body weight changes on brain reward functions. As discussed above, inflammatory cytokines are known to affect cognitive brain functions in obesity and are also likely to affect brain reward processing. Gut hormones have obtained the most attention as possible mediators for the beneficial effects of RYGB on glucose homeostasis and body weight. The lower gut hormones glucagon-like peptide-1 and peptide YY, which are both substantially elevated after RYGB, are the leading candidates for the rapid amelioration of glucose homeostasis and reduced appetite. Additional factors secreted by the small intestine such as oleylethanolamide, N-acetyl-phospahatidylethanolamine, apolipoprotein A-IV and ghrelin, secreted mainly from the bypassed stomach, are other potential candidates. These hormones and factors could affect reward processing by functioning directly on taste and olfactory pathways [42] [43] [44] and reward circuits, [45] [46] [47] or by first functioning on primary visceral afferents relaying the information to these circuits. Finally, it is also very likely that at least part of the hypophagia is the result of aversive conditioning during the early postsurgical period, when the rearranged gut is suddenly faced with unusual challenges. Rapidly ingested liquid food can lead to dumping and solid food to obstruction, both associated with very unpleasant feelings. Over time, such negative feelings associated with particular foods can lead to the conditioning of food aversions.
Conclusions
Although it appears plausible that RYGB-induced changes in gut hormone secretion, aversive conditioning and/or secondary effects of weight loss reset the brain reward system, the specific mechanisms and pathways involved are completely unknown. Future studies with longitudinal assessments of reward behaviors and their underlying neural mechanisms, before and at several time points after surgery, and in pair-fed controls, will be essential.
